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FOREWORD

The work documented in this report was performed in the Advanced
Space area of Vought Corporation for the NASA Johnson Space Center under
Contract NAS9-14776, Task 3.7 "Technology Assessment.” The purpose of the
work has been to identify design requirements for future spacecraft heat re-
Jection systems and to evaluate the impact of these requirements on the design
of radiators. The study outlines development work needed to efficientl-
integrate heat rejection systems into future spacecraft having large heat re-
Jection capacities and long mission durations. Emphasis is given to conceptual
designs which will reduce the cost of the spacecraft,
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1.0 INTRODUCTION AND BUMMARY

The objectives of this study are to identify design requirsements
for future spacecraft heat rejection systems, to evaluate the impact of these
requirements on the construction of conventional pumped fluid and hybrid heat
pipe/pwsped fluid radiators, and to conceptually design nev heat rejection
systems wvhich may improve the performance c¢v reduce the cost of the spacecraft.
The study addresses heat rejection requirements which are large compared to
those of existing systems and mission durations which are relatively long.

Heat rejection capacities addressed in this study range from 10 to
250 KW. The operating life goal is arbitrarily selected as 5 years. The
major impact of this on the construction of radistor panels is that tubing wall
thicknesses are sized so that there is only a small probability of meteoroid
penetration in a 5 year mission. The radiator panel can be made to survive
longer missione with little weight or cost impact by simply incressing the
wall thickness or by employing meteoroid bumpers. Other guidelines for de-
signing the heat rejection system are: transport fluid inlet temperature range
from 100°F to 200°F, transport fluid return temperature range from 0°F to LO°F,
and 200 1b/KW electrical power penalty for transport fluid pumping.

The study includes analyses of conventional pumped fluid and hybrid
heat pipe/pumped fluid radiators which determine the optimum values of radiator
fin thicknesses, spacing of heat pipes or transport tubes, Reynolds numbers,
and other radiator design parameters. Data necessary for the selection of
transport fluids and radiator surface coatings are also analyzed in relation
to future mission requirements. In addition, new radiator concepts are pre-
sented which are expected to be applicable to these requirements. Groundrules
for deriving and evaluating the new concepts give less emphasis to traditional
weight and deployed area than is current practice, and more emghasis to other
features such as stowage volume, user interface convenience, growth potential,
adaptability to heat load variations, and reliability.

The part of the study concerned with the evolution of large heat
rejection systems involves the specific construction of the elements of the
system; whether the radiators contain heat pipes, for example, as vell eau
procedures for constructing the syster. from the elements. A large system
built up from independent subsysiems with oversizing, redundant components,

and/or scheduled maintenance to compensate for element failuree is signifi-




cantly lighter and more feasible technically than one with a single transport
: loop having the same capacity and reliability. Therefore, this study evalu-
) ates alternative wvays to build up large systems fiom modules by computing the
system size and probability of success taking account of the construction and
reliability of the components.
2 In sumpary, the following approach is taken to improve future
f heat rejection systems:
1) elements of the system are selected and designed
for optimum weight, cost, and reliability,

;’l 2) new radiator concepts are introduced that are
_ ? uniquely designed for future mission requirements,
l 3) procedures for constructing large long-life systems
’2-' are proposed that take advantage of modular con-
| U§ struction, oversizing, and component redundancy to
e improve performance and reliability.
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2.0 OPTIMIZ/TION OF CONVENTIGNAL RADIATORS

This section discusses design details for improving conventional
spacecraft radiators. It includes data relevant to the selection of transport
fluids and radiator coatings, reliability information on pump loop components,
and details of radiator panel construction for traditionsl parallel flow
panels and for hybrid heat pipe/pumped fluid panels.

2.1 FLUID SELECTION

Technical issues and property data for evaluating transport fluids
in pumped fluid or hybrid heat pipe/pumped fluid radiator systems and working
fluids in heat pipes are presented in this section.

Iransport Fluids

The selection of transport fluids is important since the fluid
properties affect the radiator area, system weight, pressure drop, and com-
ponent life. Of primary interest are: (1) pumping power penalty (a function
of viscosity, specific heat, ard density), since this affects the pump design
and electrical power requirements, (2) heat transport characteristics which
determine the size of radiators and heat exchangers, (3) materials conpati-
bility and lubricity, which affect operating life, and (4) contamination
threat. Also of importance are availubility, freeze or pour point for low
load or quiescent operation, flash point, toxicity, and flow stability.

In previous studies pump power and conductance parameters have been

developed(l) which are useful in assessing the relative merits of fluids for

both laminar and turbulent flow regimes. These parameters were developed from
basic fluid flow and heat transfer correlations by holding the boundary tem-
perature, heat load, and system geometry constant. For these conditions, the
pumping parameter and conductance were found to be dependent only on the
transport fluid properties. The pump power parameters are:

*L * 7 for laminer flow

0.1. = 3 2,75 for turbulent flow
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and tiie conductance parameters are:

n, " K'67 for laminar flow
K*?

n.r - ;-.1;7 for turbulent flow
r

where: ¥ ® viscosity
= density
Cp = specific heat
K = thermal conductivity
Pp = Prandtl number

Computer values of the performance parameters of typical coolants arc compared
in Figures 1 and 2.

Fluids with lovw couductance parameters and high pump pover para-
meters are poorly suited for spacecraft cooling system applications, and
would be selected only if other fluids failed because of other considerations.
The fluid selected usually is not straight-forwvard because fluids with de-
sirable pumping power parameters (such as Freon 21) may have lower conductance
paremeters than fluids with poor pump parameters (such as glycol water). Also,
fluids which operate efficiently in the turbulent regime must be compared with
fluids which favor laminar flow. Therefore, to evaluate the adaptability of
candidate fluids to a particular spacecruft it is usually necessary to give
detailed consideration to the radiator construction and the weight increase
required with the gselection of fluids with poor thermal conductance, as vell
as che impact on the electrival power system and the yump design with the
selection of fluids with high pump power parameters.

Properties of fluids which are candidates for future mission ap-
plications ure 1isted in Table I. An optimum radiator design will exist for
each fluid which minimizes the system weight including the weight of the power
source for driving the pump. To illustrate how the choice of the transport
fluid affects a typical system design, calculations were made to determine
optimum system configurations for geveral candidate fluids assuming o weight
penalty factor of 245 Kg/KW, typical values of pump motor efficiencies (30%),
and an assumed radiator environment of 0°F. The results, presented in Table
11, show that several fluids cen be considered without seriously impacting the

L
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TABLE I1

EFFECT OF TRANSFORT FLUID ON WEIGHT AND SURFACE
AREA FOR A & KW SYSTEM

TRANSPORT FLUID

FREON 21
FREON 11
FREON k-1
FREON E-2
Fe-88
FC=Th
=TT
COOLANOL 15

ETHYLENE GY LCOL/WATER
(R8-89a)

ORONITE FC-100

8

T

A Oy W

T e o

WEIGHT DELTA AREA RATIO
RELATIVE TO  RELATIVE TO
R-21 (KG) R-21 (%)

0 1.000
1.3 1.000
0.5 1.018
2.1 1.140
0.5 1.018
2.0 1.008
3.1 1.155
1.0 1.082

- 0.2 1.012
1.4 1.090
- 'ﬁ N i

2o




}«‘ weight or geometric configuration of the vehicle, and that the fluid selection

Ay l can be based on other consideratione such as materials compatibility, operat-
ing temperature range, vapor pressure, lubricity, and vehicle contamination

- | i in case of leakage.

. (f ; A property that is extremely important in applications to puuped
ﬁ | fluid or hybrid heat pipe/pumped fluid radiators is the fluid's susceptibility
‘ to flow instabilities. This property is a function of how the fluid viscosity
- .,'\ varies with temperature.

: In improperly designed spacecraft cooling systems flow instaebili-
ties may originate in the radiator panel where large changes in the transport

| ‘ fluid temperature occur at low heat load conditions. For serpentine flow
radiators with no parallel flow passages the flow instability causes the pump
| to stall, and is usually accompanied by subsequent freezing of the transport
' fluid. This may damage the pump or motor, and in some orbit configurations, !
: the system may be permanently disabled because the transport fluid will not !
i re-thaw when the operating conditions change.

o4 ‘ Space radiators with parallel fluid transport passages are also
R susceptible to flow instabilities at low heat load conditions. When the dif- |
it ference between the fluid inlet and outlet temperatures is too large, the flow .
. distridbution in the parallel tubes changes abruptly from being uniform, where ‘
' each tube curries approximately the same flow, to non-uniform, where the flow |
k in one or more of the parallel radiator tubes completely stagnates. Flow in- [
l‘ stabilities are undesirable when accompanied by freezing of the fluid in the

d non-flowing tubes since this may prohibit the flow from returning to the
uniform distribution when the operating conditions change. Also, metal tubing
may eventually fail due to stresses caused by the freezing and thaving of the
v transport fluid. To prevent flow instabilities the heat rejection system 'y
should be equipped with heaters or other methods of control which prevent un-

R S

.

favorable operating conditions from occurring, and a transport fluid should
be selected which is resistent to flow instabilities.

The properties of the transport fluid determine the range of
operating conditions for which stable flow occurs. An equation from Ref. (2)

s gives the approximate operating 1imits for stable flow in terms of the trans-
' port fluid properties. The criteria for stable flow is:




o
Lbnweo?3
L‘vCp [1+ %“— ] ar
™ -1}
vW(To) < 2 (3)
TO
bnweoT> -~
cp [1+ K, ] aT
.
Where:

To s fluid outlet temperature
Ty = fluid inlet temperature
Te = environment temperature

v = fluid viscosity

k = fluid thermal conductivity
Cp = fluid specific heat

v = preadiator fin width

€ radiator fin emittance

o Stefan Boltzmann constant
Fu = KNusselt Number

Figure 3 gives the minimum outlet temperature for stable flow computed from
Equation (1) for some candidate TCS trensport fluids. The figure shows that
RS-89a (ethylene glycol-water) has the more restricted operating range. This
has been a significant factor which has limited the usege of ethylene glycol-
wvater in space radiators. It does not eliminate the fluid from consideration
for all applications because the thermal control system can often be designed
to operate in the stable regime. However, the selection of a fluid such as
Freon 21 would allow nore freedom in the design of the control system.

Heat Pipe Fluids
The first consideration in the selection of a sultable working
fluid for heat pipes is vapor temperature range. A variety of characteristics

must be examined in order to determine the most acceptable fluid for a proposed

10
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i 'r“ « applicution. Some of the prime requirements are:

‘( i 1) Fluld/msterial compatidility

gt 2) Fluid thermal stability

Lo 3) Wetability of wick-and wall materials
if R 4) Thermal properties (vapor pressure,

latent heat, conductivity, viscosity,
and surface tension)

A convenient means for quickly comparing working fluids is pro-
vided by the liquid transport factor defined as:

A
N .u
£ u

vhere: Nl = liquid transport factor l
op, = liquid surface temsion oy
A = latent heat of vaporization
o, = 1liquid density |
W o= liquid viscosity

Curves of Nz versus temperature are available in the literature for a number
of candidate fluids. Data for candidate fluids for the temperature range
studied here are given in Figure 4. At any selected operating temperature the '
fluid which exhibits the highest liquid transport factor will generally yield

is taken from Reference 19.

{k. the best heat transfer characteristics. ‘

a Contemination Threat of Fluids

. Evaluation of the contamination threat of a heat pipe or transport _‘ ‘
” fluid involves several considerations. One is the condensation temperature ‘ 1
| [; and energy associated with desorption or evaporation. This would be a factor ? H
M in considerations of deposition rates on cold surfaces. Another could be the
; fluid's infrared absorption spectrum, which would influence the tolerable ‘
}j contamination of infraved sensors in some applications. A third is the poten- .
. tial of the fluid vapor for chemical reaction with other spacecraft materials. . -1‘

g - Table III gives materials compatibility data for several candidate fluids, and : i

1

Selection of Fluids for Radiator Design Optimization Studies

In following sections, detailed radiator optimization analyses are
performed which require fluid property data. Freon 21 is the coolant employed

12
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for the transport fluild in these studies. It's thermal properties result in
minimum system welght, and its operating temperature range is broader than most
other fluids. It has good chemical stability, and low nonvolatile content. For
heat pipes, ammonia is baselined as the working fluid. It has the highest liquid
transport factor of the fluids applicable to the temperature range of this study.
Other trade study criterie such as chemical stabllity end material compatibility
appear to be acceptable.
2.2 THERMAL CONTROL COATINUS

Thermal control coatings are an Important issue in this study because

of the required operating life of 5-10 years, and the emphasis is placed on high
radiator performance and minimwn cost. Good thermal control coatings should have
the following properties: low solar absorptance (for sun viewing surtaces), high
emittance, low outgassing, stability in space environment, and avoidance of static
charge buildup (high altitude orbits). 'The discussion presented iu this section
is a summary of appropriate prior studies, and is based mainly on Reference L19.

Candidates considered include: silver and aluminum backed Teflon,
optical solar reflectors, astroquartz fabric, front surface coated Kapton f'1lm,
aluminum oxide coated aluminum, zine orthotitonate paint, and a NASA-toddard in-
organic conductive yellow paint. Tnitial values of the emissivity and solar
absorptivity, and degraded values of solar absorptivity are given in ''able 1V
for some of the coatings.

Bilver backed Teflon has become a very popular thermal control coat-
lng because ot low absorptivity (abou' 0.L), high emissivity (aboul 0.8) aud
purported stability in the space environment. Numerous spacecraft and probey
have flown with this material. Figure 5 presents test and flight data for silver
Tetlon showing an initial rapid degradation (probably due tu contaminsttou) tols
lowed by minimal further increase in solar absorptivity in low earth orbit., For

high altitude fllghts where significant fluxes of electrons and protots nre pre-

seut in combination with solar ultraviolet, degradation continues at, n raLe Lhat
would appear unacceptable for a five year misslon even if an asymptotioc talliug
of'f veeonrs,  Reseurch for the Alr Fovce(3) has shown that silver Tetlon lones g

mechanical Inlegrity and degrades such that its solar absorptivity lncreases by
# tactor of about 3 for a simuleted 5 year exposure to high a)tltude rbibs, There
s nloo an Indication that low earth orbit degradation (solar ultraviolel only)

may e be more severe for a b year miscicn that would be aubbelpnted. ik

L)

Iindiecates thul when nucd in

1
wilh ualrogoarty fugsed nilica fabric coatings'
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conjunction with a sllver Teficun aubatrate a reasopnably low solar absorptivity
of about 0,18 is obtained, and improved environmental stability is expected.
Although the use of astroquartz is not an established technology and it has the
disadvantage of belng difficult to clean, silver Teflon with astroquartz is a
candidate for both low and high orbitas because of its unique promise of long
life. Bare silver Teflon is probably suitable for low orbits. Additional in-
formation and performance data for metallized Teflon and for astroguartz fabric
are given in Tables V and VI respectively.

Another candidate coating for direct solar exposure at high altitude
is the Optical Solar Reflector (OSR) describved in Teble VII, consisting of silver
or aluminum backed quartz tiles about one inch square. Because these tiles are
expensive, heavy, and must be bonded to the radiator they are basically unde-
sirable and not suited for large radiator systems. However, data indicates they
have the lowest solar absorptivity available and are stable in the combined ul~
traviolet, proton and electron environments of deep space. Thus these coatings
should be considered in concepts which entail small radiators with significant
solar exposure., Their contamination threat from the adhesive must be evaluated.

No paint coatings (organic or inorganic) are know which are stable
in high altitude orbits. A new coating, zinc orthotitanate, is under develop-
ment(s) but insufficient data are available to assess its applicability at
this time. An inorganic yellow paint is also being developed by Goddard for
high eltitudes. The only other known potentially stable high altitude coatings
are evaporated silicon or aluminum oxides over metallized substrates. Table
VIII gives data for these coatings. Figure 6 compares solar absorptivity data
for candidate high altitude coatings.

An elternate approach which offers greatly improved confidence is
to orient the radiator such that very little solar irradiation is present.

This would not only retard degradation but would minimize, if not eliminate,
degradation effects. In this case a simple durable coating such as anodized
aluminum could be used (to provide & high emissivity). An added advantage
would be the elimination of any contamination threat from either the coating
itself or an adhesive securing it.

Data obtained during the past few years indicates that film sur-
faces, such as multilayer insulaetion or silver Teflon, can obtein a large

18
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static charge buildup during solar substorm activity with high altitude space-
craft. A static discharge can occur which damages the coating and provides

o= .
———

‘: i

spurious signals to the spacecraft. A significent amount of research has been
. directed toward alleviating static buildup in coating materials. A potential

"{ inherent advantage of the flexible radiator fin material also being developed
) ‘53' under this contract is its potential to dissipate static charge. Since the fin
- - consists of a fine silver wire mesh embedded in the Teflon film, it is conceivable
: that this fin material, perhaps covered with astroquartz for stability, would offer
& lightweight advanced technology approach to obtain a satisfactory high altitude
radiator. Other countermeasures which may be taken to avoid static charge build-

- c——_—

up include:
e Addition of transparent conductive film to coating
surface (induim/tin oxide, others)
Metal grid spplied to surface
e Inherently conductive coating (astroquartz, conduc-
tive paint)
Selection of Thermal Control Coatings
The following recommendations are made for selecting radiator coat-

ings for long duration missions:

1) Low Earth Orbits - Metallized Teflon is the best currently
qualified choice based on initial a, €, and degraded properties. Contamination
of the coating has the most adverse effect on o degradation. The radiators
should be oriented away from thrusters and other sources of contamination when
possible.

2) High Farth Orbits - No satisfactory coating available, although
astroquartz is probably acceptable with design allowances for degradation.

Laboratory data indicate metallized Teflon is unacceptable without an overcoat
to avoid static charging, although some satellite flight data suggest the pro-
blem may not be as severe as would be expected. Optical solar reflectors have

.--Less—gevere—degradation than Teflon, but weight and cost make them unattractive

for large areas. Astroquartz fabric and Goddard conductive yellow inorganic
paint have high initial values of solar absorptivity, are difficult to cleen,
and would be expected to degrade to a s 0.3 in 5 years. More data is needed
for other coatings such as the flexible radiator fin material, front surface
Kepton film, zinc orthotitenate paint and aluminum oxide coated aluminum.

2k




2.3 COMPONENT LIFE STUDY

The objectives of the component life study were to establish the
current state-of-the-art component lifetimes, to identify component designs
which are capable of 5-10 year operating lives, and to identify components which
will require further development. The approach taken was to sur. . GLhe long~
life component technology. Much of the information presented in this section
was obtained from Reference 19.

Teble IX summarizes operating life data obtained for typical space-
craft coolant system components. The table shows that, with the exception of
thermal control coatings, all components have projected life times of 5 years
or greater. However, except for the fluid accumulator, five year lifetimes
have not been demonstrated. Therefore, based on projected component perfor-
mance and design allowances for coatihg degradation, 5 year operating life is
achievable. The probability of success for 5-10 year missions depends on how
the system is designed; whether it has been oversized or contains redundant
elements for example. The details of how to design thermal control systems is
discussed in Section 5.0. This section addresses only the operating character-
istics of components of the system.

Pumps

Contacts with the major manufacturers of aerospace pumps indicate
that the development of pump motor assemblies capable of operating continuously
for more than five years will challenge the state-of-the-art. Pump motor
assemblies applicable to spacecraft thermal control systems have been tested
for more than 20,000 hcours without failure, and several designs have projected
operating lifetimes greater than 5 years (Table X).

Figure T presents a typical pump selection curve which indicates
regions of best efficiency for gear, vane and centrifugal pumps. The curve
shows that centrifugal pumps favor low pressure rise and high flowrates. Often
environmental control systems require a higher pressure rise, which could be
met more efficiently by a gear or vane pump. However, gear and vane pumps
generate contaminants and have more moving parts in contact and are thus un-
desirable from life considerations. 1In addition they create pressure pulsations

a5
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and vibrations. To avoid these problems and still obtain satisfactory effi-
ciencles (on the order of 50%) double ended centrifugal pumps have been devised.
These halve the pressure rise per stage enhancing overall efficiency. The
double ended feature not only increases efficiency but also unloads axial
thrust increasing lifetime potential. Further gains in lifetime may be possi=-
ble through the use of carbide bearings, with a good prospect for achieving
the 5 year (44,000 hours) desired lifetime.

Pump Motors

Submerged canned stator AC motors have been proven reliable on space
programs such as Apollo, Biosatellite, S8huttle Orbiter, and Saturn over a number
of years. The technique of enclosing the motor stator in a sealed stainless
steel can has been fully developed, to the point that the difference of effi=-
ciency between this and other designs is usually unmeasurable. The submerged
motor has the inherent advantage of direct heat transfer to the fluid for
efficient Jissipation of motor heat, continusl lubrication of the bearings,
and the ability for hermatic sealing of the unit if necessary. 8ince the
possibility of motor failure is gemerally associated with stdlled pumps or
motor overheat, and since the possibility of stalling a centrifugal pump is
very remote, and the likelihood of motor overheat is also remote with direct
fiuid cooling, the integral submerged motor concept appears to be a leading
long life choice. 8o0lid state DC to AC inverters facilitate the use of
canned stator AC motors on satellites.

Accumulators

The functions of the accumulator are to provide system pressure
adequate to prevent transport fluid veporization at any temperature encountered,
to provide positive pump suction pressure, and to accommodate fluid volume changes
due to temperature excursions and leakage. Two types of accumulators might be
considered: bladderless accumulators and metel bellows. Two pressurization
techniques, a gas pre-charge system and a regulated accumulator temperature
system might be considered. The gas pre-charge system will require a larger
overall volume but will not require power. Vendor information on accumulators
is given in Table XI.

Coolant Loop Bypass Valves

The 1ife of the coolant loop bypass valves is not considered to

be a significant problem area. Because of the relatively steady heat load
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typical of spacecraft, the valve will probably have to cycle less than 50,000
times in & 5 year mission. Space qualified electronically controlled valves have
been tested by Vought for the Space Shuttle program without difficulty for com~
parable durations over 30,000 cycles, The design life of the Shuttle valve on
the Flow Control Assembly (FCA) is 20,000 cycles. Elements of the valve which
might fail include metal bellows, Teflon seats, and stepper motors. The bellows
have been extensively tested past 50,000 cycles whereas Tellon seats have been
tested to 500,000 cycles. Bypass velve stepper motorse are capable of more than
30,000,000 steps in a vacuum environment. Thermostatically actuated valves with
very low failure rates are also under development for such programs as the
Satellite Infrared Experiment (SIRE).

Fluid Swivels

T —————

The operating life depends strongly on the external loading and the
selection of gseals to compensate for fiuid temperature variations. With proper
designs to account for side and axial loading, an operating life of five years
should be possible. However, it is difficult to provide system redundancy for
rotating fluid swivels because it is necessary for all of the swivels to be
located on the axis of rotation.

Heat Pipe Life
The majority of published literature on heat pipe life tests indi-

cates that lifetimes on the order of 5 years are possible. However, the design
of a heat pipe that is capable of continuous operation over & S5-year period
requires meticulous attention to several critical details. Some of the basic
heat pipe design details which cen affect useful lifetime include: f£luid chemical
stability, fluid/material compatibility, fluid purity, and metal cleanliness.
Quality control during heat pipe manufacture also cannot be over-emphasized in

jts relationship to continuous heat pipe perfbrmanée.
All of the sbove items must be addressed in order to insure against

the primary causes of failure - corrosion and generation of non=-condensable
gases. If the wall or wick material is soluble in the working fiuid,mass
transfer is likely to occur between the condenser and evapcrator. BSolid
material will be deposited in the evaporator resulting in local hot spots or
blocking of the pores in the wick. Non-condensable gas generation is probably
the most common cause of heat pipe failure as the non-condensables accumulate

in the condenser section blocking fluid transfer.
Other important life considerations in high performance heat pipes

include survival of the wick when subjected to the launch vibroacoustic spectrun.
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Fatigue life of the wick is important in designs requiring flexing, such as
& gimbal section. The topic of accelerated life testing and extrapolation to
predict long term performance is also sig. ificant to long 1ife heat pipe
agsessmentsa,

2.h MICROMETEORQID PROTECTICN

When designing therual control systems for long duration migsions,
micrometeoroid considerations have a significant impact cr the design of the
radiators and the coolant loop lines exposed to the space environment. In
heat pipe radiator designs the transport fluid manifolds must be shielded,
and the radiator panel must be oversized to account for the lues of heat pipes
by meteoroid puncture. In pumped fluid radiators the menifolds and parallel
flow cross tubes must be designed to withstand micrometeoroid impacts. Typi-

cally the exposed cross section of the trensport loop is about the same for =~ =

pumped fluid or hybrid heat pipe/pumped fluid designs, so that the mass of
armor or meteoroid bumper required is essentially independent of the radiator
design.

The transport loop wall thickness must be sufficient to retain the
transport fluid pressure after being struck by a micrometeoroid. The depth of
the crater left by the most damaging meteoroid expected to strise the tubing
during the designed operating life of the radiator is computed from a ballis-
tic equation which is based on ground test data, and a meteoroid flux model
derived from penetrations of metal foils in near earth orbits. _

The mechanics of hypervelocity impacts are not completely under-
stood. An equation given in Reference (6) correlates the existing data
reasonably well. The equation is

1/8p 1/2
bom 065 () GRY (70,90 (2)

where: t = thickness of material penetrated (cm)

€, = percentage elongation of target aaterial
Py = mass density of sheet material (gm/cc)
Py = mass density of meteoroid (gm/cc)

Vm = normal impact velocity (km/sec)

d, = meteoroid diameter (cm)
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, {‘ Equation 2 generally predicts greater depths of penetration than other equa-
Tl tions”’g) derived for penetration of metals, end will therefore provide for
a conservative thermal control system design when applied in conjunction with
][ standard meteoroid environment models.

1’ The radiator panel tubing wall thickness needed for survival of

of " a given system design depends on the projected target area, the exposure time,
and the required probability of success for the miesion. The probability of

no meteoroid penetrations is given by

¢ ~SATN (3)

vwhere: t = shielding factor (% of area exposed)
A = projected area (m2)

T = time of exposure (sec)

N = meteoroid flux for particles capable

of penetrating tubing (Particles/m2-sec)

The tube wall thickness is computed from Equation (2) so that the
number of particles determined from the meteoroid flux model having sufficient
energy to penetrate the tubing gives the desired probability of success from
Equation 3.

For a five year mission the tubing must be designed so that only
relatively large meteoroids are capable of penetration. For large meteoroids
the cumulative meteoroid flux model for sporadic and stream meteoroids 15(9)

log, N = - 14,37 - 1.213 loglom (L)

Where N is the flux density for meteoroids having mass greater than or equal
to "m". The meteoroid mass may be expressed in terms of quantities in Equa-
tion 2 as follows:

n 3
m = *é- pmdm (5)

Equations 2 - 5 may be solved to give the tubing wall thicknesses required for
a given design and required probability of success.
Because of the danger of possible contamination by leaking thermal

{': control system fluids, the tube wall thickness should be selected so that there
¥
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is only a very small probability of a single meteoroid puncture.

To minimize the contamination threat emphasis should be placed on
designing the aystem to minimize the possibility of a single meteoroid penetra-
tion with the least system weight and complexity. Table XII compares meteoroid
penetration characteristics data for two typical 150 £t2 radiator designs as
calculated from Equations 2 - 5. The results show that high probabilities of
mission success are possible with moderate radiator tube wall thicknesses.

A significent weight savings is possible if plastic meteoroid
barriers are employed so that the wall thickness of the transport tubing or
heat pipes may be reduced. The elongation term in Equation 2 is much larger
for plastics (e = 300) than for metals (e = 3). Limited experimental data in
the literature substantiates the importance of this term.

Qualitative data for plexiglas and polycarbonate(lo) shows that
polycarbonate (p = 1.2, € = 5) for retarding meteoroids. Hypervelocity test
results for polyethylene (p = 0.9, € = 500) in Ref. (7) are predicted conser-
vatively by Equation (2). The equation predicts slightly greater depths of
penetration than are measured at velocities below 12 Km/sec, and much greater
depths of penetration than Ref. (T) indicates will occur at velocities typi-
cal of micrometeoroids, viz. 20 Km/sec. '

Tests ere conducted at Texas A&M Uhiversity(e) in support of this
contract to substantiate that Equation 2 gives the correct depth of penetration
for FEP Teflon tubing. The results given in Figure 8 show that the penetration
depths of nylon projectiles, p = 1.15, are predicted adequately by Equation 2
whereas steel projectiles, p = 8.0, penetrate greater depths than the equation
predicts. This indicates that the exponent of the projectile density in Equa-
tion 2 may be too small. If this is the case the equation is conservative for
predicting damage by micrometeoroids (p = 0.5).

Table XII shows that the weight of the radiator panel may be re-
duced by more than 20 lbp if Teflon meteoroid barriers are used. An alterna-
tive procedure for reducing weight involves the application of meteoroid
bumpers. Multiple wall, or bumper type meteoroid protection systems are known
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TABLE XII

COMPARISON OF MICROMETEOROID PROTECTION REQUI REMENTS

FOR TYPICAL PUMPED FLUID AND HEAT PIPE RADIATOR DESIGNS

DESIGN VARIABLE (5 Year Life)

Radiator Tube Spacing
Tubing I.D.

Radiator Surface Area (Bach Side)
(2-8ided)

Tubing Target Area

Probability of no Penetration
Tubing Wall Thickness Required
Tubing Weight

Weight with Teflon Meteoroid Barrier

36

PUMPED FLUID
RADIATOR

6"
0.1875"
150 Ft2

14,73 Ft2
0.99
0.139"

51.3 1tm

29.6 1btm

HEAT PIPE

RADIATOR

12"
0.50"
150 F¢2

19.64 Ft2
0.99
0.151"

55.6 lbm

31.4 1bm
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to have significant weight advantage over single wall or armor type systems,
but complicate the radiator design such that they have not been employed in

short mission duration applications where the mass associated with meteoroid
protection is not significant.

Ground test data have shown that the optimum multiple wall system
contains a thin first wall called a bumper, and a second or main wall which
is spaced at a sufficlent distance from the bumper to permit a meteorcid
striking the bumper to be dispersed before making contact with the main wall.
Systems with more than two sheets(g)not provide as much protection as those
with two properly designed sheets . Honeycomb or other filler materials
between the walls is less effective than a vacuum or air gap. The thickness
of the bumper should be sufficient to cause damage to the meteoroid, but should
not be so thick that material broken loose from the bumper has enough mass
to demage the main wall. The optimum thickness of the bumper is approximately
one-tenth the diameter of the projectile.

Several emperical equations have been proposed to represent the
relationship of the required thicknesses of the first and second walls, the
spe.cing" between the walls, the target material properties, and the projectile
properties. A general form of the equation for the thickness of the main wall
is

t, = KV %P Ya ° (6)
vhere K, a, B, Y, and § are empirical constants, and S is the spacing between
the plates. Table XIII lists the velues of the exponents in Eq. 6 from various
correlations in the literature. The table shows that there are significant

TABLE XIII EXPONENTS IN EQUATION 6

REFERENCE NO. | a B Y ) (t1/dm)
11 1 -2 2 L 7
12 0 -2 1 3 0.1
13 1 - .5 | 0.5] 1.05| 0.3 to 0.5
14 278 - 1.39 ? 2.92 | 0.25 to 0.4
15(a) ? -0.75| 0.6 | 1.0 0.25
15(b) 7 -1k | 0.6} 1.0 0.10
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differences in the forms of the proposed equations. Part of the discrepancy:
is due to variations in the thicknesse¢s of the bumper sheets which have a
large influence on the type of damage to the main wall. The equations from
Ref. (12) and Ref. (15-b) are for optimum front sheet thicknesses, and thers-
fore should not be applied to more general cases. Of the remaining equations,
the one from Ref, (14) gives the most conservative estimate of the material
thickness required to prevent penetration of the main wall., This equation
also predicts depths of penstration measured in Refs. (15) and (17). There-
fore, Eqs. T and 8 below, from Ref. (1l4), are employed in this work to design
rediators with meteoroid bumpers.

Py 1/2 0.278, 2.92

t, = 5.33 (=) m (1)
Py W

0.1d, £ ¢, & 0.4 a4 (8)

The materials constant, K, which was originally measured for
202473 aluminum targets and pyrex-gless projectiles, has been modified to
account for density variations of the target and projectile.

When applying Eq. T to design radiators, there are two variables,
t, and 8, which may be adjusted to provide meteoroid protection, whereas in
single wall radiator designs, there is only one variable, the tubing wall
thickness. The thickness of the bumper layer is fixed by Eq. 8 and the dia-
meter of the smallest meteoroid that will penetrate the double wall system.
Bince there are two variables defined in Equation 8, one of the variables can
be arbitrarily selected to minimize radiator fabricaetion difficulties, or to
reduce weight. The radiator optimization computer routine described in
Section 2.5 is programmed to minimize weight by solving Eq. 8 simultaneously
with

awt) (9)

as

non-linear expressions are obtained for ta and 8 which must be solved itera-
tive]y.
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2.5 OPTIMIZATION OF PUMPED FLUID SPACE RADIATORS
M

Manifold Configurations

Typically, pumped fluid space radiaters are designed with parallel
flow passages which are Joined together by manifolds at the edges of the radia-
tor. This design has been shown to be effective for ECS radiators with heat
rejection capacities of the order of 10 KW. For large radiators, the system
welght can be reduced if the flow routing is modified so that the lengths of
the manifolds and crosstube are not constrained by the overall radiator
dimensions.

For the configuration shown in Figure 9, the physical dimensions
of the cross tubes are not tied directly to the radiator size so that the
designers have more freedom to select the tube diameter, the Reynolds number,
and other radiator parameters when optimizing heat transfer, pressure drop,
and exposed cross section to the micrometeoroid environment. In effect,
en arbitrarily large radiator is comstructed from a number of optimum sized,
parallel connected panels having common manifolds.

Very large radiator systems might require a more general panel
configuration with parallel headers. In this case the manifold dimensions are
independent of the radiator size, and may be varied to obtain an optimum design.
This generality is not required for the radiators considered in this study.
Statistical analyses presented in Section 4.0 show that very large radiator
systems should be constructed from smaller subsystems having independent
pumped fluid loops.

The parallel manifold configuration of Figure 9 is Justifiable for
the radiator sizes considered herein. The optimum cross tube diameters are
relatively small because of micrometeoroid considerations so that close mani-
fold spacing is necessary to minimize fluid pressure losses. Figure 10 gives
the percentage radiator weight reduction that occurs with multiple manifolds
for typical ECS operating conditions.

The minimum radiator weight in Figure 10 occurs when the panel has
four manifolds. This is typical of all the systems analyzed in this work.

The weight of the headers becomes large in radiators with more than four mani-
folds, and effects the advantage of the smaller tube diameters which are
possible with additional manifolds. ‘lhe radiator weight is relatively insen-
fitive to the number of manifolds for heat rejection rates of the order of
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10 KW, so that the panel deaign can be biassed without weight penalty by
constraints such as would occur when adapting the panel to an existing
deployment mechanism for example.
Rediator Optimigzatien Calculations
i Table XIV lists the design variables for the radiator panel of
Figure 9. To determine the best radiator design, one must select an optimi-
’ zation criterion in the form of some function of the design variables which
. is to be minimized, establish the relationship between the dependent and in-
; dependent varisbles, and then determine the values of the independent variables
1 which minimize the criterion function. In this section a procedure is des-
cribed for minimizing & function of radiator panel weight and area

o ¢
=TT .
Frogiihe R

r-wécla (20)

PRS

The weight of the radiatgr is considered to be the sum of the weights of the
manifolds, headers, cross tubes, radiator fin and coating, radiator fluid, and
weight penalty for pressure drop.

PPN

Wooom Wyt Wy b W ¥ W Wy H W

. (11)

Other associated radiator system component weights can be included in the
analysis by modifying constants in Eqgs. 10 and 11, For example, the weight of
the deployment systenm is proportional to the radiator area, and can be accounted
for by increasing the constant Cj in Eq. 10.

The manifolds and headers must be sized to give a uniform flow
distribution. This is done by requiring that the pressure drocp in the headers

D5 e s s w0 LA
o e - i NP
S = = - - e,
e ‘.., - —
‘e

. and manifolds be small in comparison to the pressure drop in the cross tubes.
8P, = Cp8Py, | (12)

. &, = C AP, (13)

%'; For turbulent flow in the manifolds and cross tubes Eq. 12 becomes
P
: 1.8 1.8 1.8 1.8
L 8 (2 2di
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The sum in Eq. 1k may be approximated as follows

1.8 2.8
(s 28 e 8u L) @t nea ) )
2.8

Equation 14 becomes

i 's-l-.az' ) (16)

.8 0.2083
ct e

The exterior manifolds carry only half as much flow as the interior manifolds,
and therefore have smaller diameters

dm(EXTERIOR) = 0.772 dm (a7)

For laminar flow in the manifolds and cross tubes,

d W2 0.25
(2) & (F— (18)
dct °as¢

For turbulent flow in the manifold and laminar flow in the cross tubes
0.8

.8 0.2083
d gt+o
ct 02 £
The weight of the manifolds per unit area is
1 o7 [t (% +2) + a (L4 .50 (20)
"M ® J.W. L m' T m 'L +3

The diameter of the header is the same as the diameter of the manifold for
designs with up to four manifolds. When there are more.-than four manifolds,

4 1.8 0.2083
(.d_‘.. ) - 0.51“6 ( L -& lL + L.68 ) (21)
02 wee
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The weight of the headers per unit ares is

prt
ﬁ{- m&(%+%ﬁuwwM) (22)

The welght of the cross tubes per unit area is

1 P o
Wop ® TWhe- (4 * top) (3 + 8/W) (23)
The wrdll thickness required to prevent failure by micrometeoroid puncture is
computed from the meteoroid environment model, a ballistic equation for depth
of penetration of the tubing material, and the required probability of sur-
vival. For long duration missions the tubing wall is sufficiently thick that

only reletively large meteoroids are capable of penetration. The environment
model(g) for large meteoroids is

Where N is the average number of micrometeoroids with mass grester than on
granes which will strike 1 m? of radiator aree per second. Equation 24 essumes
an average meteoroid density of 0.5 gm/cc. Thus the meteoroid diameter is

-4 N-0.27h8

dy = 1.7578 + 10 (25)

A ballistic equation(6) for depth of penetration of the radiator tubing is
19/18

Ay
t = 6.32 W (26)

The probability of no meteoroid penetration is

P(0) = o~ FANT (27)

Where ZA is the totel exposed cross section and t is the time of exposure.
The relative thicknesses of the cross tubes, manifolds, and headers are deter-

mined by minimizing the radiator weight for constant survivability. The weight
of the flow passages is

wooo= Rapbop * Agty * Aty (28)
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o ‘“ From Eqa. (25), (26), and (27), the probability of no penstration is
: A A Ay
P(0) = oxp I-a [ —3'3-“ o - e v (29)
z 3 t“ 0!‘5 t 3. 5 t .
/ | n i

For minimum weight

a(wt) = Actdtc

g * AdE + Adt, = 0 (30)

For constant survivability,

A(:'1‘ ;‘ﬁ AM
= -
aP(o) t_rr’ 5 dtc*.l‘ + o b 5 d’c.M + _mt - dtn 0 (31)
ct m R

Multiplying Eq. 31 by an arbitrary constant (e Lagrangian multiplier) and sub-

v tracting Eq. 30

13 : A A A

! ‘t . AOT 1- 55 ]dtCT + AM 1 - W]dtm + AH 1- ;-Ws-]dtﬁ =0 (32)
) : t . . . .

- ct n H

T SR R

For Eq. 32 to be satisfied for all values of the multiplier

- = o al/4.bs
LI t, ty ) (33)

Thus the mirimum weight occurs when the cross tubes, manifolds, and headers
have equal thickneeses. The required thickness is

: 0.29

0.1088 T
v - (172,178 [ ﬁZniP'("o” ] (34)
Where the exposed cross section 1is related to the radiator area by
d 2d

| A=aal S + %i (%J,o.suu)un—f-‘* (L-2)] (35)
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Similar equations derived for the main wall thickness and bumper spacing in

meteoroid bumper designs are prograrmed into the radiator optimization computer
routine listed in Appendix A. The radietor area is computed by summing the
radiating areas of each cross tube

4 Tout
o= 2§ s« By S (;—g_-‘)”- (36)
o dx
Tin
where
ar 1 neoS.(Th-T-“h)
&> = -m) (37)

1 + bnedsgrr

end R is the resistance to heat transfer between the transport fluid and the

base of the radiating fin. If the resistance to conduction through the tube
well is negligibdble,

R = “K:;Nu (38)

Combining Egs. 36 and 37
: T T

L, W
#cp (P(E + 1) S ar 1347
2, { T—T1 * ineosSR I

neo T -T T -T“

Tout Tou‘o

substituting Q = (l)(_ + 1) mCp (T ut)’ and integrating

+ T

- 'I‘
1 in out
i neoi'l‘in ~ “out yp 3 Tin * 1o Tou = e

l&_,rb

T
-~ [tan”(FR) - tan™( °“t)] + nBeoR Ln(ﬁ-h-—l)} (40)

2T, > Tout = o

The weight of the radiator fin and coating per unit area is

wfc = ftf* pctc (k1)
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7 “ The thickness of the radiator fin is a function of the radiator fin efficiency.

y For fin efficiencies greater than 0.T, the following equation represents the

Y j correlation obtained numerically ty Lieblein(18),
{{ “ t = 30EF P ~5—7 (L2)

' S K(1-n)[.8307 + .7925(1-n) + .7050(1-n%)]

: The coating thickness is a function of the type of coating (e.g. silver backed
- '% : Teflon) and the emissivity of the surface. In this study, silver backed Teflon
=1 y coating with an emissivity of 0.8 is assumed. The coating thickness, including

adhesive, for a two sided radiator is 0,012 inch.
The fluid weight per unit ares is

2 2 2
\ Py, @& d
‘. WFL' = ?;%-[-%L-t-%—(li-Othé)*Eg"(l-%” (43)

The pumping power veight penalty per unit ares is

. . ' c
K W, = 5,&23.10‘8 -jg'.'_ 4
b : F PrLop ()

Where AP is computed from friction factor versus Reynolds number data, and C3
= ' is the pump power pcnalty factor (1o/KW).

I Equation 4l is the final equation needed to determine the value of
&‘ ~ the function of weight and ares that is to be minimized to obtain the optimum
' radiator design. To determine the best radiator design, trial values of the
1 ) independent variables in Table XIV are substituted into the equations 1isted

' above until the minimm value of the function F 1s established. Since this
;‘, ' involves many calculations and a logical search through the ranges of several
e independent variables, a computerigzed approach is necessary. Listings of

, the radiator optimization routines developed for meteoroid armor and bumper

%, ' Protected designs are listed in Appendices A and B.

R 2.6 OPTIMIZATION OF HYBRID HEAT PIPE/PUMPED FLUID RADIATORS
@

Manifold Configurations
The manifold design of hybrid heat pipe/pumped fluid radiators

: must take into account watt-inch limitations of heat pipes, temperature drop
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across the interface from the transport fluid to the heat pipe working fluid,
pressure drop in the transport fluid loop, and micrometeoroid protection re-
quirements. Transport fluid flow routings such as are shown in Figure 1l
provide large radiating surface consistent with watt-inch limits of heat pipes
and minimum exposed manifold cross sections to micrometeoroids. The overall
width and length of the radiator can be varied by changing the diameters of
the heat pipes to adjust the allowable distance between manifolds, and by
selecting an integral number of manifolds consistent with the approximate
overall dimensions required.

To minimize the temperature drop from the transport fluid to the
heat pipe, heat conducting fins such as shown in Figure 12 may be employed.
In this design compact heat exchanger core is employed to transfer heat from
the transport fluid to conductive fins attached to the heat pipes. The fins
have a dual function as heat conductors and meteoroid armor for the transport
fluid loop.

The menifold detail in Figure 12 is one of several analyzed in
this work. It is competitive in performance for some heat rejection require-
ments with other designs studied, and would be relatively easy to fabricate.
Other designs developed under Vought funding are considered proprietary,
and, therefore, are not discussed in detail here. Performance characteristics
of some of the proprietary designs are compared with those of the design of
Figure 12 and of pumped fluid radiators in Section 4.0.

Heat Pipe Designs

Exotic heat pipe designs are not required or desirable for hybrid
rediator applications. 8Since the cost of the heat pipes is a significant part
of the total cost of the radiator, and high watt-inch capabilities are not
required, the simplest possible heat pipe designs should be selected. Axial
grooved ammonia heat pipes have acceptable thermal performance characteristics
for most applicaetions, are highly reliable, and can be fabricated at less cost
than other types of heat pipes. Center core wick heat pipes have slightly

better thermal performance and cost slightly more than grooved pipes. Artery
type heat pipes should be avoided because of their poor reliability and high
cost.

Since each heat pipe in a hybrid heat pipe/pumped fluid radiator
operates at a different temperature, there is a slight performance advantage
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possible if the lengths of the heat pipes are adjusted in accordance with their
heat rejection requirements. The problem to be solved in optimizing uhe design
is to determine the length of the heat pipes in Figure 13 as a function in the
flow direction (or fluid temperatures). The solution obteined by calculus ot
variations in Appendix C is

L = 732 (45)

where C is a constant. Equation 45 shows that for minimum radiator area, the
lengths of heat pipes near the transport fluid entrance to the radiator should
be shorter than those near the outlet of the radiator. However, calculations
in Appendix C show that the area of a radiator with optimum heat pipe lengths
is less than 0.1% smaller than the area of a radiator with the same heat
rejection capacity having constant length heat pipes. Thus, since variable
length heat pipes complicate the radiator design, and do not significantly
improve performance, only constant length heat pipes are considered in this
work. Computer analyses performed under a separate contract show that variable
spacing of heat pipes also complicates the radiator design with less than 0.1%
increase in performance. Thus only constant spacing geometries are cunsidered
in this work.

The diameters of heat pipes must be sized so that they are capable
of transporting heat at the maximum required rate. For minimum weight the
heat pipe diameters should be as small as possible. Therefore, since the heat
pipes near the transport fluid entrance are hotter, and reject more heat than
those near the outlet, their optimum diemeters should be larger. However,
since variable heat pipe diameters also complicate the problem of fabricating
the radiator panel, only constant diameter designs are considered here. It
future designs should become so weight critical that variable heat pipe dia-~
meters would be considered, it is probable that an elternative approach of
varying length or spacing in accordance with watt-inch requirements would be
more attractive from a manufacturing viewpoint.

Hybrid Heat Pipe Radiator Optimization

The optimization of hybrid heat pipe radiators is similar to thet
of pumped fluid radiators in that values of' independent variables such av
heat pipe spacing, and radiator fin thicknesses are determined to minfmisze o
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function of weight and area. An additional complication is involved in model~

‘( ing the heat transfer in the manifold. For example, the thermal model of the
: ¥ o manifold in Figure 12 must account for heat tranefer in the compact heat ex-
) changer core, the meteoroid shield, the joint between the manifold and the
‘ ,!’ ' heat pipe, and the evaporative surface of the heat pipe. Pressure drop in
, y! the compact heat exchanger core must also be accounted for. A general thermal

model is set up for each type of manifold design which includes adjustable

. parameters such as the heat exchanger core width "z" in Figure 12, In the

- ";‘(- optimization analyses the best values of the adjustable parameters are deter-

> A .' mined by computing the weight and area of the radiastor for a range of permis-
sable values of the parameters. The best manifold parameters and radiator fin
parameters are determined simultaneously to obtain a true optimum design.

C Computer routines were developed under Vought funding to
. ?r , optimize hybrid heat pipe radiator lesigns. These routines are considered to
af ' be proprietary, and are not discussed in detall here. Results of the optimi-
zation analyses are presented in Section 4.0 where candidate radiators based
on pumped fluid and hybrid heat pipe designs are compared.
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3.0 ADVANCED RADIATOR CONCEPTS

In this section advanced radiator concepts are presented that are -
expected to be applicable to the requirements of future spacecraft. These
concepts give emphasis to adaptability, reliability, and growth potemtial for
reduced development costs; and consider traditional weight and radiating area
to be of secondary importance. Groundrules, desirable features, and techni=
cal issues for evaluating new concepts are listed in Tables XV, XVI, and
XVII. Example applications of the advanced heat rejection systems are: the
imall power module, the large power module, and experiments for space proces=-
sing, communications, solar power satellite demonstration, life sciences, and e
space construction demonstration.

3.1 Modular, Self Contained, Long Life Radiator System
The central idea of the moduler, self-contained, long life radiator

system shown in Figure 14 is to provide a modular deployasble system with
easily added or replaced modules. The heat rejection capacity can be easily
expended as requirements grow by adding additional modules. Refurbisiment

is accomplished by replacing modules, and development and qualification costs
are reduced. The radiator panels could employ either flexible or rigid fins,
and heat pipe or pumped fluid radiastor panels could be used. The modules
could be designed to fit into the Shuttle payload bay when retracted, as shown
in Figure 15. For a 250 KW power module application, 8 to 10 modules could be
Joined together as shown in Figure 16.

-

3.2 Blanket Radistor System
The blanket radiator system consists of submodules of heat pipes

Joined by flexible redistor fin material as shown in Figures 17 and 18, The
heat pipes mey be Joined to rigid pumped fluid manifolds by means of contact
pressure to form large radiating areas as shown in Figure 19, This
system has the advantages of modular designs described above, and may be
stowed as a compact package.

3.3 Elemental Heat Pipe Radiator
The idea behind the elemental heat pipe radiator, shown in Figure
20, is to build up spacecraft radiators from the simplest possible elements.

The element consists of a single heat pipe connected to a radiator fin, For
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small heat rejection requiremente the heat ripes may be tied directly to the
heat source, whereas for large heat rejection requirements, the heat pipes
may be connected to the heat source through a transport fluid loop as shown
in Figure 21. THe end of the heat pipe is specially formed to facilitate
Joining the element to the heat source as is shown in Figure 22, for example,
Series of elements may be connected together as shown in Figures 23 and 24

to form large radiating surfaces., Typical design details for the elements are
given in Figure 25, Advantages of this approach are listed in Table XVIII.

3.4 Extended Life Flexible Radiator

The extended life flexible radiator, shown in Figure 26, is a
variation of the flexible radiator previously developed under this contract,
and could be built using existing technology. It achieves an extended operating
life by employing metal tubing in place of the Teflon tubing of the soft tube
flexible radiator. The deployment retraction system is also modified for
long life. It retains many of the advantages of the soft tube flexible radia-
tor in that it may be developed and qualified independent of its mission, can
be stowed in a compact volume, is deployable and retractable, and has wide
heat load capacity. It is compatidble with most transport fluids, and has &
broader operating temperature range than the existing flexible radiator.

3.5 Condensing Radiator
In future applications where electrical power can be obtained for

weight penelties on the order oZ 100 lbm/KW, and mission durations are rela-
tively long so that micrometeoroid protection for the radiator is a problem,
or radiating surface area must be minimized, a condensing radiator system such
as is illustrated in Figure 27 will have advantages over conventional radiators.
Some of the operating features of the system are listed in Figure 27. Vought
hes developed technology for fabricating this system under the Self Contained
Heat Rejection Module program sponsored by NASA-JSC (NAS9-1L4408).
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FIGURE 24

RIGID PANEL CONSTRUCTED FROM ELEMENTAL
HEAT PIPE RADIATORS
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TABLE XVIII
ELEMENTAL HEAT PIPE RADIATOR ADVANTAGES
M

DEVELOP AND QUALIFY INDEPENDENT OF MISSION
APPLICABLE TO LARGE OR SMALL SYSTEMS

STOW IN COMPACT VOLUME

LARGE SYSTEMS ASSEMBLED IN SPACE

REPAIR OR REPLACE WITHOUT OPENING PUMPED FLUID LOOP
LARGE NUMBER OF IDENTICAL ELEMENTS REDUCE COST

NO BRAZING OF HEAT PIPE REQUIRED

SIMPLE HEAT PIPE GEOMETRY

LOW THERMAL RESISTANCE AT JOINT

USES EXISTING TECHNOLOGY
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HEAT EXCHANGER
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Y .

EXPANSION

VALVE PUMP

-
RADIATOR

© RADIATOR AREA REDUCED BY 50%

® PUMP POWER IS 20% OF TOTAL HEAT LOAD

® EXPANSION VALVE PROVIDES HEAT LOAD CONTROL

® HEAT PIPE RADIATOR

o

CYCLES OTHER THAN VAPOR COMPRESSION NEED STUDY

FIGURE 27
CONDENSING RADIATOR SYSTEM
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h.0 LARGE LONG LIFE RADIATORS

The optimization of large heat rejection systems involves the
selection of components for reliaebility, weight, and performance; and the
evaluation of alternative arrangements of these components with redundency
and/or oversizing to achieve a prescribed capacity and probability of mission
success with minimum weight and cost.

Because of the number of components required in large space heat
rejection systems, and the failure rates of the components, redundant elements
or subsystems are essential to high system reliability. Figure 28 illustrates
how redundency improves the probability of maintaining full operating capacity
throughout a mission. In this example, each subsystem has a 90% probapility of
surviving the mission. With one redundant subsystem (a total of two subsystems)
the probability that one or the other of the subsystems will fail is 18%, and
the probability that both systems will fail is 1%. Thus the probability that
one of the two subsystems will remein functional is P = 1 -~ P(2) = 99%. For
double redundant systems the probability that one of the three loops will
remain functional is P = 1-P(3) = 99.9%.

If, in the example with three subsystems, two of the systems must
remain functional to maintain full system capacity, the probability of success
isP = 1 -P(2) -P(3) = 97.2%. This illustrates how large systems can
be constructed from modules with oversizing to achieve high probabilities of
success.

There are several ways to provide redundancy. With full redundancy,
each system element has a redundant element capable of performing the same
function. With selective redundancy, system elements are selectively grouped
with a redundant identical group performing the same function. With simple
redundancy, the basic system has a redundant system capable of performing the
same function. In addition there are several ways to activate the redundant
components. Table XIX gives advantages and disadvantages of alternative
approaches.

When constructing large heat rejention systems, there are cost and
menutacturing advantages in building up the system from a number of identical
modules as described in Section 2.0. Thus the system would be based on simple
redundancy although the modules themselves might employ selective redundancy

T0
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for components with poor relisbilities. Example calculations are given below
¢ to illustrate hov the system's probability of remaining functional varies with
the number of modules and the probability that each module will survive the

I mission.
- ?4 ' Figure 29 shows results obtained from analyses such as are illus~
trated in Figure 28, for a system constructed from 10 independent modules.

The figure shows the probability of the loss of subsystems as it affects the
Qﬁi total rediating area of the aystem. The most probable percentage of area loss
4 increases as the probability of survival of the subsystems decreases. If :he

system is oversized so that part of the radiating area can be lost without
affecting the system's capacity to perform at the required level, the systems
survivability will exceed that of its subsystems. In this case the systems

}' ) probability of survival is computed by summing the probabilities of all pos-
- sible combinations of subsystem failures which will result in more area loss
J; than is allowable. This is analogous to computing the areas under the curves
.1 in Figure 29 past the point corresponding to the ammmt of system oversize.

. Figure 30 giver typical results computed for a system with 20 subsystems. The

' figure shows that if a system survivability of 98% is required (.02 probability
N of loss of more area than oversized), tine system must be oversized by 9% if
- . “he probability of survival of the subsystems is 0.99, by 13% if the subsystem
survivability is 0.95, and by 28% if the subsystem survivability is 0.90. This
ﬁ‘ means the system having 0.99 survivability modules must be designed to opersate
- with 18 subsystems; the system having 0.95 modules with 16 subsystems; and
the system having 0.90 modules with 14 subsystems. Thus the size of the modules
must increase as the probability of survival decreases.

In some cases the allowable radiating area oversizing may be limited.
Thus Figure 31 shows how the probability of survival of & system with 20%
oversizing depends on the number and survivability of its subsystems. This
figure was generated from cross-plots of curves such as are given in Figure 30.
The results show, for example, that a 98% probability of success can be obtained
— by a system of 20 modules, each having 95% survivability; or by a system with
10 modules, each having 98% survivability. Which system is better depends on
properties such as weight, cost, and complexity.

Figure 32 compures the weights computed for a large pumped fluid
radistor system having variuble numbers of subsystems and subsystem survivebilities.
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The figure shows that the weight of the radiators decreases as the number of
modules increases for a fixed probability of maintaining full system capacity.
Cost and other vehicle component weights might increase for large numbers of
modules, so that the system design cannot be selected based on the radiator
weight alone. However, the figure shows that significant weight savings are
possible if the system is constructed from 10 or more modules. This number

does not seem unreasonable for a system of 200 KW capacity.

General arisons of Pumped Fluid and Hybrid Heat Pipe/Pumped
Fluid Radiators

In this section the weights of radiator panels with and without
heat pipes are compared for various heat vejection loads and mission durations
. } to determine whether the heat pipes reduce the radiator weight. Optimum designs
'ﬁ of each type of radiator are compared. Several types of heat pipe rediator

Angf menifold/evaporator designs are considered to determine the effect of various
:L degrees of added complexity on the totel radiator weight. Meteoroid bumper

e and meteoroid armor protection designs are also studied. In addition, alter-
native ways of constructing large systems from variable numbers of subsystems

o are considerzd for each type of design. Redundant flow passages attached to

: a common radiastor fin are not comnsidered. Redundant flow passages complicate
v the manifold/evaporator design of heat pipe based radiators so as to increase
\ the temperature drop between the fluid loop and the radiating fin. Therefore,
_ to avoid complicating the comparative eveluation of radiators with and without
- 9 + heat pipes, redundant flow loops are not considered.

' Redundant flow loops are considered in the more specific and de-
tailed case study documented in the next section, where it is shown that the
veight of pumped fluid radiators can be reduced below the values reported here
in some cases. The purpose of this section is to determine whether there are

i
’f; applications where heat pipes offer advantagee when redundent flow loops on a

% common radiating surface cannot be considered. This a valid question for some

) potential future applications where redundant elements must be physicelly

i separated. Such requirements might be necessary to minimize the threat of

{ - damage to the heat rejection system by laser attacks, or gross wreckage by
manipulators, etc.
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Figure 33 gives the radiator weights, including pumping pover
Penalty for several designs for a 20 KW system with 99% probability of not
being incapacitated by micrometeoroids in a 5 year mission. The heat pipe
radiator entries are for the lightest weight of several heat pipe manifold/
evaporator designs considered. This is a proprietary concept generated under
Vought funding. Other manifold/evaporator designs such as are common in
the open literature are considerably heavier.

The overall system probability of surviving 5 years in & micro-
meteoroid environment is at least 99% for each design represented in Figure
33. For the designs with only one subsystem, the subsystem must have a 99%
probability of survival. With two subsystems, each having a 90% chance of
surviving, the probability that one of the two subsystems will survive is 99%.
The wall thicknesses of the 90% subsystems are less then for the 99% subsystems,
but the weight of two 90% subsystems is more than the weight of one 99% sub-
system, 8o that there is no advantage in such designs. The pumped fluid based
designs with five subsystems, requiring three for full capacity, are weight
competitive with the single subsystem designs, but the weight advantage is
insufficient justification for the added complexity. The designs with 10 or
more subsystems have greater weight advantages, but probably would not be
selected for a 20 KW system unless there were other recasons such as a need for
redundant pump loop components to improve the total heat rejection system
reliability.

Thus, for the 20 KW heat rejection requirement, the best system
appears to be a single subsystem pumped fluid design with meteoroid bumpers.
The best heat pipe based radiator is lighter than the armor protected pumped
fluid panel, but weighs more than the bumper protected design. Figure 34 shows
radiating fin cross sections of the three designs as determined fcom the com-
puter routines described in Section 2. The weights shown in Figure 33 includes
the weights of the basic radiator panel components shown in Figure 34 plus the
weights of the transport fluid, radiator coatings, manifolds, headers, pumping
pover penelty weight, and an additional structural weight. The additiona).
structural weight accounts for honeycomb or other equivelent panel stiffening
structure, and is assumed to be independent of the punel design. Figure 35
gives the weight break-down for the three types of radistors. Figure 36 gives
radiator weights for a 160 KW system. Here the heat pipe based radiators weighs
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less than either the bumper or armor protected designs unless the system is
bullt up from 5 or more subsystems. However, significant weight savings are
possible if the system is constructed from 10 or more pumped fluid rsdiators.
Similarly, the data for the 250 XW system in Figure 37 shows that large weight
savings are possible if the system is constructed from subsystems of 10-20 KW
capacity.

Radiator weights and surface areas are plotted in Figures 38-43
for systems with 95% probability of surviving five years. The results are
similar to those for the 0.99 probability system discussed above except that
there are nv cases where heat pipe besed designs offer weight advantages.

Thus, the results show that heat pipes are best sulted for large
single subsystem designs with high probabilities of surviving long periods
of time on orbit (.99 for 5 years or more). For cases where the system can
be built up from modules of 10-20 KW capacity, pumped fluid designs are
lighter weight.
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5.0 DESIGH OF A 50 KW HEAT REJECTION SYSTEM

In this section a complete heat rejection syatem consiating of
radiators and transport loop components is ajalyzed to determine how the radia-
tor design impacts the total system weight and reliability. The majority of the
trade studies in this section were performed in conjunction with concurrent re-
lated projects, and is summarized here to illustrate application of the techniques
developed in the previous sections. The system is made up of two radiators (for
symmetrical mass distribution) and associated hardware such as flexlines and fit-
tings, fluid lines connecting the radiators to the heat load, pumps, motors, in-
verters, check valves, accumulator, filter, £il11 and drain valves, temperature
sensors, thermal control valves, and heat exchangers. Two fluid swivels are in-
cluded for each radiator to permit continuous rotation of the radiators relative
to the spacecraft. The system weight includes a power penalty of 200 1b/KW and
a 0.65 lb/ft penalty for structural support of the radiator.

Figure Ul shows typical radiator dimensions computed for this
system. Since the radiator pauel is relatively large, provisions are made for
folding each panel in three places to facilitate stowege. Thus, with no
redundant loop, the heat pipe btased panel shown in Figure U4 would require 12
flex lines (3 on each manifold)., A pumped fluid radiator would require only
two manifolds (or 6 flex lines) per panel. Extra manifolds are required in
the heat pipe design because the lengths of the heat pipes are constrained by
vatt-inch limitations.

Table XX gives failure rate date for state-of-the-art spacecraft
heat rejection system components. Table XXI {llustrates how the failure rates
data is used to determine the probability that the system will not fail in a
5 year mission. For this example each independent fluid loop contains a re-
dundant pump, and the radiacor is designed so that the probability of no
meteoroid puncture is 774 for each loop. The probability that the system will
remain operational ranges from 64% to 68% depending on the number of flex lines
required. Table XXII gives additional data showing how the system weight and
reliability varies with the radiator construction, the probability of no
meteoroid puncture, and the number of independent flow loops.

There are a few components in Table XXI whose relatively high
failure rates add up so as to lower the reliability of the total system.
Therefore, improvements in the system's probability of survival depend on
whether these components can be improved or backed up by redundant counterparts.
The failure rate of radiators due to micrometeoroid impact can be lowered from
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) 5.8 10"'6 to 0.22 10"6 by increasing the wall thickness of transport loop
1 ' passages 80 that the probability of meteoroid penetration increases from TT%

to 99%. Similarly, the failure rate associated with meteoroid penetrations

nw of connecting lines can be reduced significantly by increasing the tubing wall
;,3 s thickness. Redundant thermel control valves and temperature sensors can also
‘ be provided without seriously impacting the cost or complexity of the system.
) : . Complete redundant flow loops are rejuired to avoid the limitations of flex
Q lines or fluid swivels.
7‘,,0 'f Figure 45 shows how the systems probability of failure can be
2 ; reduced at the expense of added system complexity. Each of the flow loops for
the systems represented in Figure U5 contains redundant elements for all com-

ponents having high failure rates. Thus the system represented by the hexa-
gonel symbols is the same as that of Table XXII except that redundant thermal
control velves and temperature sensors have been added. The other systems
have at least three independent transport loops for added redundancy of cri-
tical elements.

Figure 45 shows that the heat pipe based radiators and pumped fluid
radiators with meteoroid bumpers have practically the same weight. However,
the analyses assume that redundans flow loops can be added to the heat pipe
designs without increasing the temperature drop between the fluid loop and
the heat pipes. It is probeble that when & design has been worked out to

| incorporate redundant flow loops in heat pipe radiators that some increase in
* radiating area and consequently weight, will be required to off-set the added
@“%" thermal resistance between the transport fluid and radiating fin. Thus the
: ' weights of the heat pipe based systems in Figure 45 are probably optimistic.
” ':,. Additional costs for heat pipes and radiator panel fabricaetion would be
1" another factor against the heat pipe design. Table XXIII summarizes some of
, the other factors that should be considered in trade studies for selecting e
1 . radiator design.
_? In summary, the design analyses for e typical 50 KW heat rejection
:g_ system show that reliability problems inherent in pump loop components are
_Jl more serious than those associated with the radiator panels. Unless redundant
=:~ffb' flow loops are employed, there is no Justification for designing the radiator
with more than 90% probability of surviving in the micrometeoroid environment.
. With redundant components the radiators should be designed for 95-99% survi-
- 4?«': vability. Flex lines and fluid swivels should be avoicded whenever possible.
'}é" There 18 no apparent Justification for employing heat pipes in a 50 KW radiator.
- S’F . »
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APPENDIX A

LISTING OF COMPUTER PROGRAM FOR OPTIMIZATION OF PUMPED
FLUID RADIATORS WITH ARMOR PROTECTION
- J FOR MICROMETEOROIDS
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620
o340
€35
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655

PFOGRAM PAOB(INPUToOUY°UTQYAPEEBINPUT.759858007907)
CIMEVLION FLUI, (2)

FCRMAT(3F-43)

FCRMAT(F7439Fbe142F643)

FURMAT (¢ALD)

FCAMAY (1HL, 164  FANTATOR FLUID 249241047)
FORMAT(IZ42FEe3)

FORMAT(//48H QUKA) 2,F7 424 14H TIMTAYEARSIS ¢ F74247H ©(0)=,FEo3)

FCRMAT{S2H
FCRMAT (L uH
FCRMAT (3 un
FOIMATC4 3H
FORMaT (3 .H
FORMAT (194
FOURMAT(S5. H

T8C SC T84 M TBH SH)

T INCFIZoF?742480H T QUTUFI=4F?,2,11H T AMB(F)34F7,2)
78S SS T3 IV

DELTA P (MANIFOLL)/ZUELIA P (CROGE TUSE) 24F6e3)

FUMP PONER PENALTY (LB/KW) 29F742)

FUMF EFFICIENCY =,F6,3)

AREA FACTOR IN UPTIMIZATION PARAMETER (LB/FT2) =,FB.4)

FORMATIBH € 3A3=24F7.447H ZE 4= oF74u4923H |, COATING 2,F8.%)
FORMAT(SH MU=,FBe3415H LB/FT/NHR FHO2¢F8e3411H LB/FT3 K=yFBel 15

1H 3/HR/FI/F

CP=yFT7eliy?H B/L8/F)

660 FORMAT(7 (1X4F8eu))
665 FURMAT(LX4FBelo4 (1XoFBals)e/)
67C FORM«T(G3H MAN UIA HEAD 0IA HALL T FIN. T DELTA ® RE/1Gu0

689
69

i WT/7A)

FCeMui (s 21
FORMaAT (42H

WM AT Cf WT H Wt F WT FL HT P)
A EFF W NL NS)

730 FORMAT (4Xy3HL/W 95Xy EHN FIN96X91H495X.1H098K.1HL,6X,SHH NOTy6X 4L HF)

READ(5,50¢%)
REAL(S,5Cy)
READ(545(0)
READ(S5,500)

_READ(5,500)

REAL(54500)
READ(SsEuC)
REAG(5,51()

FLUIC

XMU 4 RHO 4XK 4GP S o

Qy TIME, PO T T
TIN,TOUT,TAMS

XK1¢XK24XK3 _

XEyZ4TC T

XNP

NQ

316844714/ (10,%%8) ’ ' T
PRE(SP#XMU/XK)**,33223

RMIM=17 3,

RM=SART (RHOM/b2 o &)

XKM=10,
PI=3.1415y

ChakHON®PT/ {hy,

CR=1./PX /XK

CHE=48./7F1/XMY

PL2ALUG(F )
1isTINe Gt C,

T02TJIUT4uc),
TA=TAMEeLr I,
01=ulL0G( (1L~

TAY *(TO+TAN/ZUTI+TA)Z(TO=TA))

De=ATANITIZiA)=A AN(,0// A)
0L=ALOB((lI“4~IA"b|l(TO“»-T&"Q)’
De2(ul/sbe=d2/2.) 714023
CFa3e*SIG*AES(((TINTDIZ2,)®*3,)/xKH

@s/2.

00 1,0 MuO=14N2
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WRITEL6,5.6) FLUID
NRITE(64HE3) XMULRHO ¢ XK, CP
WRITE(LybLd) QA4TIMEWF)
NRITE(uo010) TIN,TOLY,TAMB - o o mm e
WRITE(be82)) XK1
WRITE(D ¢H3J) XK2
WEITE(L L I5) XNP o ' °
WRITE(DoELU) XK3
NRITE(bgcbd) XE9Z4TC
CHRITE(B 47T 30)
WRITE(O£7.)
WRITE(E 4£05)
HRITEC(bs€15)
WRITc(E,468))
HRITE(H 459,
XNLE0 o
00 140 INL=1,4
 XNL=XNL¢d.
Fa=134 .
XNa47
DXN=,05
00 93 I=1,2
1 XN=X{¢DXN
- CN=XN*XE*SI6
Y21 e=XN
X2le030727925%Y 4, 75*Y2Y)33QRT(Y)
Ss2.
Cssd. T ' -
F3=244d0,
DO 96 J=1,3
3 S=Se0S . .. e e e e - C. 3
IF(S.GEJCe) GO TO 1C3
0S=ps72.
S==08
1403 SF=S/1¢c.
DELTASCF*((SF/Xx)*82,)
F2=130.
D=.02
D0=2.01
DO 92 K=i,44
% O=0630
IF(DeGEave) GO TO 104
0U=0Q/2.
Oz2=0u
10+ CU=2.336/7RHIZ((10.2D)%%3)
XM=1J0.*C
OxMEAM/ 2,
Fi=1C0.
00 92 L=1,3
5 XMExqé XY
IFIXMeGEJL o) GO 10 (S
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OXM=UXM/ 2,

AMz= 12y

RESCIE®xM/D

IFIRE=275.) luel0,420

XNU=z, o

XF2ue/RE

Ch2eJ03H743E44,8

GO0 10 5¢

IF(RE=u0dce) JCe304t4¢
XNJ=.11b‘(ﬁt"o6057‘12§."°ﬁ
AF2e18ur(7C%4,2)

UR=4.234

60 TO 54

XNUs,(23%rEss ,gopR
XF2ei84/(<E®*%,2)

DR=1.284

R=CR/XNU

03=CN®SF*Re DL
Ci=2({I=-TO)/(LL+03)
AR3L144%0/CN/CT
XL3XN.CP’(TI‘T0)/Cf/CN/SF
CAPL=XNL*XL

W=A/CAPL

YLWsCAPL /N
DR“OQ’H“Z.O/(XKI‘SF"ioG’XL’"‘02083
OF=CO*XM*xM*xL* XF ’ -
DIAM=0QR*[

IF(XNL=3.) 514+51,52
DIAH=0IAM

GO ¥J 53

DkS(((CAPL-XL)"1.6)‘(0AFL#“.6‘XL)/XKilN/(iL“i.G)”‘02083

Cl1AH2 84 4c?DIAM* DR

AF’L/SF*~IAH‘(KNL005~Q’/CAPLOZ.‘GIAH‘(CQPL'YL,/A
T=.1JOB’((-Z'TIHE‘R‘ARIPLl“.Zé)/SQRT(RHO*)

DIAS=24772%)1aM
0N=o.'Zﬁﬁt‘((-Z‘TIHE’AR‘A/PL)“.2758)
[ozedt®L M
IFtTSelTeCa005) TS2.005
TX=2TS/70M

Cis=2,*74
CZ=.17~16‘QH‘(TX“1.?29’
035‘160532/RH/(TX“0533’
Cu=2,334C2

Cb=21,39%¢3

Cézmy5o M3
C?*Uﬁ‘(('bé/do)“o?igb)
Sx=4d.

YU=C/70M

00 2 * Is=t44

S!=SKOiYU-:i-CZ‘S(“Z-39-03/5!“3.39)I(Ck‘S“‘.o39'CSI?X“Zo’?)

TBC=CH/l:a8%8,39)
Sa=2J
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203

204

R4

8o
9

9N

9
93

94

95
Y6

97

YCaOIAM/ZLM

D0 2.2 1Ssié
SXBSAC(VYC=C1=C2%,X882,39C3/7.X%814,39)/7(CLo3X884,09=05/,X982,29)
TEMa 6/ (5x®*1,39)

Sx22Je

YOUsulAoz0M

00 203 IS=144
SXBSX(YU=31=Cc®SX®82,39=03/7SX221,39)/7(Cu*SX*81,39<-C5/SX*%2,39)
TB800/71 XK*%1,39)
SX=22ue
YOsUIAH/ZUM

DO 2.4 IS=Ll+é ) ' o

S XBSAP(VYD=31=C2%:X®%2,39=C3/5X*41,39)1/7(CLI3X881,39=05/5X%82,29)
TBH=C 6/ (SX**1,39)

IPLT3CLTWdea2) T3C=.02
IF(!BH.LT....:) T3M=,)2

IF(T8HeL odou2) 9HE,J2
IF(TBSeLTedel2) TBS=,02
SC207/7¢(T1BS/70M) *2,7104)
SMaCT/7((TEI/DM) *%,7104)

SHaC? 7L (" 84/71LM) #3,719¢)
SSaC7/7LLTES/0M) **2,7154)
WF2eJdJULE23¥XK22XM* D/RHO/LF/XL/XNP
WOTSCHP(T32%(D¢TAC)eIS*(De2,*(TUHCESCITS)II/SF
WMSCA®* (TON*(CIAMSTIMISTS*(DIAME2 ., *(TBMESMISTS) I®IXNL=L,)
WHB(AME2 PCHALTESH*LLIAL® BS)IT *(LIA42.%(i BS4LS)eTE))) /CAPL
WHBLAS (T IH® (DTAHSTIH) #TS*(DIAH®2.*(TBH*SH)I®TS)I%2,%( 1./ H=XL/8)
WF=RHOM® (iCeLELTA)Z 42
ﬂFLBUIuH‘ﬁlAM‘(ioIXL0054QICAPL)OﬁIhH’DIlﬂ‘Zo’(i-lﬂ-XL/A’00‘0/8
WFLBIHO®F1®*WFL/5Tbe i ’
NT2NMOHCTHAH+HF ¢ WFL ¢WP
RISNT 6aMeNST eWHOWFL
XEF=XN/ (1.4U3704)
Fa{W. ¢XK3)/XEF
IF(FL1=F) B8u,70,7C

Fi=F

GO 70 ¢

Fi=F

DXMa=DXM/24

IF(F2=F) 92,491,314

F2saF

GO TJ o

F2=F

D=L/ 2.

IFCF3=F) 95994494

F3=F

GO T2 3

F 33F

DS==US/2.

IF(Fe=F) 38,497,97

FLsfF

60 T 1

AS




v 98 Fusf

99 UXNSeUXN/le
RRE=REZL .
XLLsa/n/aL
X832d/8F

i
}ﬂ WELTE (b y6ed)
%
§
!

WRITELLEE )
WRIIE(BybELD)
WRITE(bebt.)
WRITE(B,4b60)
WRITE (b y0E3)
102 CCNTINVE

STOF

END

YLAXN oS oD o XL o XMy F
DIAMeUIAHToDELTAIDP ¢RRELNT
180930 eT3%45Mey BH ¢S H
TuSeS3eTSeNM

A g WEY JWHoWFyWFLonF

Ay XEF oWeXLL 4 XSS
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. s : ’
& ey B~y 3
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APPENDIX B

L LISTING OF COMPUTER PROGRAM FOR OPTIMIZATION
.I,

it ' OF PUMPED FLUID RADIATORS WITH BUMPER

R g} PROTECTION FOR MIOROMEI‘EOROIDS

’

& e ) R TS
- e e p—— o
et
M




o f@ Sdu

Sulbs

v - 505

i S5ub

u»' 3‘“

v “ 601

y : 61.

] 6&.

| s . © . 839
A

635
64e

> -

- 683
" 855

- .
prd

- 66,
66"
67v

L il
e Al .

Y - 680
[. X 69

14 B/HndF T/F

PROGRAM PADQ(CINPUT, QUTPUT, TAPES=INPUT s TAPERROUTRPUT)
DIMFNSION FLULO ()
FAPMAT (oF 54 3)
FORMATIF74 79FBaleiFbBod)
FORMAT (2A4,)
FORMAT(.IHL o1 3H
FORMAT(I2¢cF6,3)
FORMAT (/7434 QUIKA)ZoF?742s L4y TIME(YEARS)S¢F7e3¢7H Plu)SeFBI)
FORMAT (L.H T THUF)=oF7.20idH T OUT(F)=4F7acodatt T AMI(F)=2,F742)
FORMAT (w34 DELTA P (MANLFILD)ZOFLTA P (°ROSS TUBE) m4Fh.3)
FORMAT(ZY4  PUYMP PUMER PENALTY (L3/KH) =,F7.3)
FORMAT(LIN PUMP EFFLSLENTY 24F6.3)
FOOMAT(SJ4 AQEA FACTOR IN OPTIMIZATION PARAMETER (LB/FT2) 24F8el4)
FORMAT(8A E BARZ FTeke?H LeTA=ZgFTel9d3H T COATING =2,FRe5)
FOIMAT(SH MJI=4FBecdea5H LIZFT/HR RHO=¢F 86 39234H LB/FT3 K=yFB8elkya5
CP=gF74by?H D/LB/F)
FORMATI7 (1X 4FB.4))
FORMAY(I%o‘!.L.“(xX'FO.k)oI)
FORMAT (63 MAN DIA HEAD DOIA FINT

WTzAa)
FORMAT (524 WT M WT CT WT H AT F Wl FL
FORJMAT(4L2H A EFF L NL NS)

RADIATOR F.ULD 342A8ue2)

WALL T DELTA @ RE/100v

WY P)

"o -?3u FOMAT(4X¢34./We5XeSHN FINoOXoLHSoBXedHD ¢BX9dHL 96X 9 SHM DOT 46X 94 HF)

I .

- &
-

2N

<
s S
-@ 2

S
h

REAN(5,545)
READ (5,514}
READ(54544)
READ(5,4553)
REAND(5,513)
READ(5,57,)
READ(545134)
READ(5,4510)

FLUID
MUy RHO 4 XK CP
thIME'Pb
TiNsTUUT,TAMB
XK19XKSeXK3
XEoZsTC

XNP

N

SIL=2e1714/7(106%%8)
PR=(CP*XYI/X()*%,33353
RHOM=170 .

XKM=1Jue

PI=3.1415)3
CW=R40M*PI/ 144,
CR=21./P1 2¢K
CRE=43./7PI/XMY
PL=ALOG(P,)

- TI=TIN¢uBy,

T0=TOUT* 4By,

TA=TAMUe4d ),
D1=ALOGIIFTI=TA)*(TO+TA)/(TT¢TA)ZLTO=TA))
DREATAN(TI/ZTA)-ATAN(TO/TA)
DL=ALOGIITL*®0=TA* Y,/ (TO%*u=TA* Y))
De=(Dasbe=22/24)7TA%23

CRaa 3oL (((TTeTO)224)%%,5.) /XKM
Q@=Q/¢ce

00 1(. "Q:‘Q NQ

Q22+4%0Q

WRAITE(Gy3.5) FLUID

WRITE (b4B55) XHUsRHO¢ XKy CP

B2

..}~,.' Lo e ML T T e ey

.0 o . o




WxdTE(B,60T)
ARITE (byhLY)
ARITT (6yh2,)
WRITELE,63))
WRITC (hyh35)
HRITE thydwy)

QeTIMES PG
TINsTOUT,TAMD
XKa

L L

ANP

Ko

~a—— .

k.;&ifvﬁéFiux;*jtﬂA'“f?}

WRITF(RyA3))
WRITZ (Ly70u)
WRITE (64673)
WRITE(HyhBY)
WRITE(6,690)
FSz2i.4,
XNL=( o
XNL=YNL+1,
F=iiue
XN=o7
DXN=.35
. 00 99 I=1,2
1 XN=XNeDXN
CN=XN®*XF*3513
¥ule=XN S - .
x=(-54»7‘0'945‘Y00155‘7’Y)‘SQRY‘Y’
S=2.
- D3=g,
F3=2140,
D0 98 y=1,3
-9 $2S80S - . .
IF(S.GTele) GO TO 103
0S=DS/2.
S=«p§
SFaS/1¢ce
05LTA=CF‘((SF’X)“£-)
— . F2=10de
0=0,..4
0°=0u1
.- 30 93 K=1,%
4 D=D+2)
sF(D.GT...) 20
- BU=00/2,
D==D)
CD=.3£6/Q10/((1.0.D"‘5’
XM=210J.%D
OxMaxM/z2,
Fi"-'i.)'
- J0 9. L=t1,.5
5 XM=xMeDXM™
IF(XMeGTois) GO TO 1.6
CXM=DXM/2e
YM2=0XH
195 ?E=ChE’XH’)
IFIRF=cdy,a) 1dedes 2.
XNU=y ,
XF=pYe/PRE

XE¢2ZeTC

TO 1c4

1.

b3 ORIGINAL PAGE IS

OF POOR QUALITY

)
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S C
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N«

L.

¥

;’E?;'

3

2e
3

,““

5.

[+ [ X PRFKL- R 4 IR 4 S )

60 Y0 S,

IFIRE=6LJJe) 3303000,
INUZealb®*(RL**4HBD7-1456) *PR
AFsel3L/(F**,2)

OR=4,224

60 T0 5.

XNUS ey 3% Fo®,3%Pr,
XF=eaBu/7(W**,2)

OR=.e234

R=2UR/XNU

D3=CN®*3FeRe],

CT=(TL=T2) /1Je4D3)
A=3414.%N7ON/CT
XL=XMeCP*(T1-T0)/CT/ON/SF
CAPL=XNL #Xx : - e
nsASCAPL

YLW=CAPL/4

. DR=(OR*We 2,8/ (XKI1*SF**1,8%XL))*%,2.83

B

52
53

C eme e

--¥8

8y
. S

9

92
LX)

9
95

DP=CO*XM*XM® X *XF

DIAM=DQ*D

IF(XNL=0e) 51¢5145¢

CIAN=DIAH - .- . -
60 TO 53

DR=(({ (CAPL=YL)®**1,8)* (CAPLPLo6*XLI/XKL/ZN/IXL®**1,8))%%,2083
OIAH=,5146* DL AM*DR
AR=N/3F¢0IAM® (XNL¢oSlki) /CAPL42,*DIAH® (CAPL=XL) 7A
T2edoB8R* ((~Z*TIME®A®AR/PL) *2,29)/SART (RHOM)
WP=453CL5423%XKZ*XM*P/RHO/SF/XL/ XNP

WHM2CHET* (TH(XNL®1,) +DIAMS(XNLes Slk) ) /CAPL
HCT2CWH*T*(Te)) /SF

WF=R40M* {JC4+DELTA) 7
WNH=2CA*TH(DTAHET)I* 2% (1o /7W=XLZA)

WFLENTAMPILAM® (Lo/AL+e5LG/CAPL) +DLIAF*DIAH®*Zo* (1e/7H~XL7A) #D*D/S
WFL=CH0*PItNFLYZ57H.

ATSHMeWCTo it AF e WFL+ WP

XEFSXN/(L1.403704)

Fa(WTeXK3) ‘XEF

IF(F1L=F) 8,473+ 70

Fi=F

«0 T0 &

Fi=F

OXM=-DXM/ 2,

LFIFc=F) 9c99i,31

F2=F

60 T0 &

F2=Ff

ON==0U/c.

IF(FI=F) 3543L,904

F3=F

60 70 3

F3=sF

B4

[ Sy

U S

e ———




A
-

ST
-
-

Ty

96 DSs<05/2.
IF(Fy=F) 90.97.97

Yieenee QT FUSF ..
| (] ro 1
o 98 FuaF
"o . 99 DXNsIXN/2,
i RRE=2RE/Z2 1)1,
v Xub=AldsX.
e omen e XSS=N/SF
» WRITEL69650) YLWNXNoSeDeXLoXMyF
”' HRITE(6466u) DIAMGDIAHGT 4OELTA,DPyRRE o HT
Y e NRITE(64654) un,ucr.wu.as,uru,ur
" NRITE(64653) AyXEFoneXLi 9XSS
: IF(?s-F) 13 5.1«6.1.4

Yoe 202 .FS5aF . e o e
]

- 5 &0 ;o 204
N 146 FSa
bewes - IFAXNLeLTo4eS) GO 70 £33 .. ... . .

w 100 CONTINUE
STOP
;-_...._._-eno e e e e mm e e e
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APPENDIX C

HEAT PIPE LENGTH OPTIMIZATION
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persrmive Lix) To mummize A.
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dT:—eqea‘l (T T;)

d.x ™M Cp
€= 4 ' Ecl T3
I P
Toutr Tvr
A= -lmc,; dT — - mcp dT
Enecl (T e | e(1~7))
TIN 7;~
Tin ™,
A= mep _dr + 4néc LT°dT
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CONSTRAINT

T

Tour w s
- - dT - me dT 4ne T’dT
W-Sd"-L © 'a%?{[r Ty ] o
N

ot
LET 4
N - ek AM
T4-_7;4
|+ 2age 47’
G = ey
L (T*-7.7)

H= F + 2G where 7[=Lagr‘an3e mu/fip/ier

EULERS EQUATION

i__a_ﬂ. — éﬁ. = 0
dT \ o4 ol

Cc3




i

? A L=cT* W
'Z - 4néc T3

U Ae

™ Thar Ta
W= e ?':’j +‘LI' f"‘(m, T,.)}
T néo

Tour

mcp J " THJT
- Ll
W- s In 'r" -T‘) n&e T™*-Ta

“we

. f v % gT ”
m<p % .
c - NET Jmur T To

4- T4- B
mce — leo
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i
ouT :
|

%

£ (40°F) = _-——-56°>2 = 1.185

J) (/oo‘;.‘) So00

a—

|
FOR L = consTaNT = 4

%{ JT‘T" %L(@}Q«)}
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a° £e N d-r
AL _ | J, (=)
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TOU‘Y
: i
v. ‘ Tl“ ‘g/
¢ -T ‘I.d—r
Tt = NUMERICAL SoLUTION
-
Tout
e
T X,
. b
;o SIMPSONS RULE : f fox) dx = 5 [f(x,w 41y +{‘(,Q] h
' X,
‘.f.' 100
N T%d7 _ i
3 J ?_rj.d* = -‘g- (668,3 x 10 8) = 2,29 x 10
! : RS
w 40
&i
: 100
- 3
de TaT L\ §35.704 7] _ |
s T 4 (17,254 | - ©27650 .
¥ 40
. ;*J' :
5 100 |
! -« 1
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FOR £ =¢7 = / . 4nécl 3
T iG2857 5 T —(s10)=0.42857

dnéocld _ 042857

- -9
U, Ae (5/0), = 3,2308 x /0

« _y | 229 T

A (L= varable) - [ +3.2308x10 19096 % 1 * oSG

AL - = TR 099949
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